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Mutants of tobacco vein mottling virus (TVMV) were constructed in which the tyrosine residue (Tyr1860) that links the
VPg to the viral RNA was changed to phenylalanine or serine or was inverted in position with the adjacent glycine residue.
In another mutant, the tyrosine residue nearest to Tyr1860 (Tyr1867) was changed to a phenylalanine residue. The resulting
mutants were tested for their ability to infect Nicotiana tabacum plants or protoplasts. The Tyr1860 mutants did not
accumulate to detectable levels in infected plants when tested by ELISA and Northern blot analysis. Moreover, the Tyr1860-
associated mutants were not infectious in protoplasts, indicating that mutations involving the linking amino acid of the TVMV
VPg abolished viral replication. In contrast to the Tyr1860 mutants, transcripts from the mutation of Tyr1867 to a phenylala-
nine residue infected both protoplasts and plants. Analysis of progeny RNA from plants inoculated with the Tyr1867 mutant
indicated that a reversion to wild type had occurred in systemically infected leaves. q 1996 Academic Press, Inc.
The genome-linked protein (VPg) associated with the ruses, and in each case a tyrosine residue coincided
with Tyr1860 of TVMV (10–12).RNA of the potyvirus tobacco vein mottling virus (TVMV)
was identified as a 24-kDa protein (1) and was later Mutational analyses that involve changes in the amino
acid that links the VPg to the viral RNA as well asmapped to the N-terminus of the NIa-proteinase (2). A
22- to 24-kDa VPg has also been identified for three other changes within the vicinity of the linking amino acid have
thus far been carried out only with poliovirus (13–15).potyviruses, plum pox virus (3), tobacco etch virus (TEV)
(4), and turnip mosaic virus (5). Two proteins have consis- We have constructed four mutants of the TVMV VPg,
three of which directly affect the linking tyrosine residue,tently been associated with TEV RNA, the 24-kDa VPg
and a 49-kDa protein (4). The TEV 24-kDa protein is the Tyr1860. The fourth mutation involves Tyr1867, the tyro-
sine residue closest to Tyr1860 (Fig. 1). One mutationN-terminal half of the NIa-proteinase while the 49-kDa
protein is the entire NIa-proteinase, suggesting that ei- was a structurally conservative change in which Tyr1860
was replaced with a phenylalanine residue (designatedther the TEV NIa-proteinase or the N-terminal half of the
NIa-proteinase can function as VPg (4). Y1860F). Tyr1867 was similarly replaced with a phenylal-
anine residue (designated Y1867F). A second Tyr1860-Many RNA viruses have a VPg linked to the viral RNA
(6) but the amino acid that links the VPg to the RNA has related mutation involves a change to a serine residue
which, although not a structurally conservative change,been identified for only a few of them (7–10). The linking
amino acid must have a hydroxyl side chain and there- provides a side chain hydroxyl group which would be
necessary for linkage of the VPg to the viral RNA (desig-fore is limited to being a serine, threonine, or tyrosine
residue. For poliovirus and encephalomyocarditis virus, nated Y1860S). The third Tyr1860 mutation involves an
inversion of Tyr1860 with the adjacent glycine residuea tyrosine residue was shown to link the VPg to the viral
RNA (7, 8), while for cowpea mosaic comovirus (CPMV) at position 1861, placing Tyr1860 at position 1861 and
Gly1861 at position 1860 (designated YG-GY).it was shown to be a serine residue (9). The TVMV VPg
is linked to TVMV RNA via a tyrosine residue located at The full-length TVMV clone pXBS7 (16) was cleaved
with EcoRV and XbaI, releasing a 424-nucleotide frag-amino acid position 1860 (Tyr1860) of the TVMV polypro-
tein (residue 60 of the TVMV NIa-proteinase) (10). Com- ment corresponding to nucleotides 5421 to 5845 in TVMV
RNA (17). The EcoRV–XbaI fragment was isolated andparison of an 18-amino acid residue sequence sur-
rounding Tyr1860 of TVMV with that of other potyviruses subcloned into pBluescript (Stratagene, La Jolla, CA). The
resulting clone, pBSXEV, was transformed into Esche-revealed a high level of sequence identity among potyvi-
richia coli strain BD2399 (dut0, ung0) and uridine-con-
taining ssDNA of pBSXEV was generated and isolated1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (334) 844-1947. according to Kunkel et al. (18). Mutagenesis was carried
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FIG. 1. Amino acid sequence in the part of the TVMV NIa (shaded) involved in the linking of VPg to viral RNA. The VPg linking amino acid is
tyrosine residue 1860 of the TVMV polyprotein. The amino acid sequence that includes and surrounds the linking tyrosine residue is shown along
with the altered sequences of four mutants. The linking tyrosine residue 1860 is shown in boldface and underlined (TVMV WT) while the amino
acid changes for each of the mutants are shown in boldface lowercase letters.
out according to Kunkel et al. (18) with mutagenic oligo- native TVMV RNA or RNA transcribed from pXBS7 was
used as inoculum (five plants per treatment in each ofnucleotides developed using the program Oligo (National
Biosciences, Inc., Plymouth, NH) and produced at the two separate experiments), whereas only 20–30% of the
plants became infected when inoculum consisted ofUniversity of Kentucky DNA synthesis laboratory. Identifi-
cation of the mutant sequence in each of the four VPg pY1867F transcripts (10 plants in each of two separate
experiments).mutants was accomplished by sequence analysis using
a Sequenase 2 kit (USBiochemicals, Cleveland, OH). The When leaf samples were tested for the accumulation
of TVMV coat protein antigen by ELISA (20), none of themutant clones were cleaved from pBluescript by EcoRV
and XbaI and ligated back into the full-length TVMV clone plants inoculated with transcripts from pY1860F,
pY1860S, or pYG-GY contained detectable levels of viralpXBS7 from which an EcoRV–XbaI fragment had been
removed. coat protein antigen. TVMV coat protein antigen was de-
tected in samples taken from plants inoculated with na-To ensure that the mutations did not effect the function
of the NIa-proteinase and that frameshifts did not occur tive TVMV RNA or with transcripts from pXBS7, and simi-
lar amounts of viral coat protein antigen were present induring mutagenesis and cloning, RNA was transcribed
in vitro from the wild-type clone pXBS7 and each of the symptom-bearing plants inoculated with transcripts from
pY1867F.VPg mutants and translated in both the rabbit reticulocyte
and the wheat germ translation systems (Promega, Madi- The accumulation of TVMV RNA in the noninoculated
leaves of inoculated plants was determined by Northernson, WI). The products were analyzed by polyacrylamide
gel electrophoresis and autoradiagraphy. We observed blot analysis (20). TVMV RNA was detected in plants
inoculated with native viral RNA (Fig. 2, lane 2) and tran-no differences in the accumulation or processing of
translational products between mutant- and pXBS7-de-
rived transcripts (data not shown).
We examined whether VPg mutant transcripts could
infect Nicotiana tabacum cv. Kentucky 14 plants. Tran-
scription reactions and growth and inoculation of plants
were performed as described previously (19, 20). Con-
trols consisted of plants that were mock-inoculated and
plants that were inoculated with native TVMV RNA. In
each set of two separate experiments, native TVMV RNA-
and pXBS7 transcript-inoculated plants developed symp-
toms typical of a TVMV infection, i.e., systemic vein-clear-
ing followed in younger leaves by systemic mottling
symptoms. No symptoms developed in plants inoculated
FIG. 2. Northern blot analysis of TVMV RNA accumulation in noninoc-
with RNA transcribed from any of the mutants involving ulated leaf 5 (leaf 1 was the first true leaf, and inoculum was applied
the linking amino acid Y1860F, Y1860S, or YG-GY. How- to leaves 2 and 3) of Nicotiana tabacum cv. Kentucky 14 plants at
14 days postinoculation. TVMV RNA was isolated from leaf samplesever, typical TVMV-like symptoms developed on some
consisting of three 12-mm disks and analyzed according to Klein et al.plants inoculated with RNA transcribed from pY1867F,
(20). Samples include RNA isolated from a mock-inoculated plant (lanealthough symptom development was consistently de-
1), a plant inoculated with native TVMV RNA (lane 2), or with transcripts
layed by 1 to 2 days relative to plants inoculated with from wild-type clone pXBS7 (lane 3), and the VPg mutants pY1867F
native TVMV RNA or pXBS7 transcripts. Furthermore, 80 – (lane 4), pY1860F (lane 5), pY1860S (lane 6), and pYG-GY (lane 7). The
arrow indicates the position of the TVMV RNA.100% of the plants consistently became infected when
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scripts from pXBS7 (lane 3) and in symptomatic plants
that were inoculated with pY1867F transcripts (lane 4).
No TVMV RNA accumulation was detected in plants inoc-
ulated with transcripts from pY1860F (lane 5), pY1860S
(lane 6), or pYG-GY (lane 7) or in mock-inoculated plants
(lane 1). Progeny RNA isolated from Y1867F-inoculated
plants was analyzed by reverse transcriptase–polymer-
ase chain reaction and sequenced to assess the pres-
ence of Y1867F sequence, i.e., a phenylalanine residue
at position 1867. Interestingly, the Y1867F sequence was
identified in inoculated leaves and in older noninoculated
leaves but only wild-type sequence was detected in
younger noninoculated leaves (data not shown). Thus, FIG. 3. Analysis of TVMV coat protein (A) and RNA (B) accumulation
the pY1867F mutant transcripts infected and accumu- in Nicotiana tabacum cv. Xanthi protoplasts. For each experiment, 1.5
1 106 protoplasts were electroporated (23) with 100 ml of in vitro tran-lated in plants but apparently reverted to wild type after
scription reaction mixture (19). The protoplasts were then placed inundergoing systemic spread.
incubation medium (24) at a concentration of 2 1 105/ml and incubatedThe above results indicate that none of the VPg-related at 237. (A) Western blot analysis of samples consisting of extracts of
mutants that affected the linking tyrosine residue Tyr1860 1.0 1 105 protoplasts collected 48 hr p.i. and treated with anti-TVMV
accumulated to detectable levels in inoculated plants. antiserum (20). Protoplasts were inoculated with buffer alone (lane 1),
transcripts from wild-type clone pXBS7 (lane 2), and transcripts fromTo determine whether these mutants might be able to
each of the VPg mutants YG-GY (lane 3), Y1860S (lane 4), Y1860F (lanereplicate in the inoculated cells but unable to be trans-
5), and Y1867F (lane 6). The arrow indicates the position of the TVMVported to other parts of the plant, we examined tran- coat protein. (B) Northern blot analysis of samples consisting of 2.0
scripts from each of the VPg mutants for their ability to 1 105 protoplasts collected 24 (odd-numbered lanes) and 48 (even-
infect protoplasts. numbered lanes) hr p.i.; TVMV RNA was detected as described by
Klein et al. (20). Protoplasts were inoculated with buffer alone (lanesTVMV coat protein antigen accumulated to a detect-
1 and 2), transcripts from wild-type clone pXBS7 (lanes 3 and 4), andable level in protoplasts inoculated with RNA transcribed
each of the VPg mutants pYG-GY (lanes 5 and 6), pY1860S (lanes 7from pXBS7 (Fig. 3A, lane 2) and pY1867F (lane 6), al- and 8), pY1860F (lanes 9 and 10), and pY1867F (lanes 11 and 12). The
though the amount of coat protein antigen was consis- arrow represents the position of TVMV RNA.
tently less in protoplasts inoculated with pY1867F tran-
scripts. Coat protein antigen was not detected in sam-
ples inoculated with RNA transcribed from pYG-GY, rus (13) and in this report for the plant potyvirus TVMV,
changes that directly affect the tyrosine residue that linkspY1860S, or pY1860F (lanes 3, 4, and 5, respectively) or
from mock-inoculated protoplasts (lane 1). the VPg to the viral RNA eliminate the ability of the viral
RNA to be replicated. A conservative structural changeTVMV RNA was detected in protoplasts inoculated
with pXBS7 RNA transcripts (Fig. 3B, lanes 3 and 4), with such as mutation of the linking tyrosine residue to phe-
nylalanine was lethal; however, this may not be an unex-an increase in the amount of viral RNA detected between
24 and 48 hr p.i. No distinct viral RNA band was observed pected result since phenylalanine lacks the side chain
hydroxyl group necessary for linkage. Changing the link-in protoplast samples for any of the VPg mutants at 24
hr p.i. (lanes 5, 7, 9, and 11); undegraded transcript RNA ing tyrosine residue to serine, a structurally nonconserva-
tive change but an amino acid that is able to link a VPg toor plasmid DNA in the inocula account for the faint upper
bands observed in these lanes. In Y1867F-inoculated viral RNA (9), was also lethal. This was a rather surprising
effect considering that the amino acid that links theprotoplasts, however, a substantial increase in viral RNA
accumulation occurred from 24 to 48 hr p.i. (lanes 11 and CPMV VPg to CPMV RNA is a serine residue (9). A
change in the position of the linking tyrosine residue by12), although at 48 hr p.i. the amount that had accumu-
lated was less than that observed for pXBS7 RNA tran- one amino acid, e.g., inverting the TVMV Tyr1860 with
the adjacent Gly residue, was also lethal and suggestsscript-inoculated protoplasts. No viral RNA was detected
in protoplast samples collected 48 hr p.i. with YG-GY that even with the large VPg of TVMV, the precise posi-
tion of the linking amino acid within the VPg is critical(lane 6), Y1860S (lane 8), and Y1860F (lane 10). There
was no viral RNA-like band detected in mock-inoculated to its function. A similar effect was observed for poliovirus
when the linking tyrosine residue, Tyr3, was inverted withprotoplast samples (lanes 1 and 2).
It is clear from our study and others (13–15, 21, 22) its adjacent threonine residue (13). In contrast, tran-
scripts from pY1867F were infectious in protoplasts andthat the function of VPg in replication of viral RNA is
dependent on the amino acid that links the VPg to the plants but progeny RNA isolated from pY1867F tran-
script-inoculated plants reverted back to wild-type TVMVviral RNA. Moreover, the function of the VPg is not only
tied to a specific amino acid but to the location of this sequence in some younger noninoculated leaves by 21
days p.i. Thus, mutations that affected the amino acidamino acid within the VPg. As demonstrated for poliovi-
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9. Jaegle, M., Wellink, J., and Goldbach, R., J. Gen. Virol. 68, 627–632that links the TVMV VPg to the viral RNA were lethal,
(1987).while a mutation that affected the nearest tyrosine resi-
10. Murphy, J. F., Rychlik, W., Rhoads, R. E., Hunt, A. G., and Shaw,
due to Tyr1860 was infectious but apparently not toler- J. G., J. Virol. 65, 511–513 (1991).
ated. These data further substantiate the identity of 11. Jayaram, C., Hill, J. H., and Miller, W. A., J. Gen. Virol. 73, 2067–
2077 (1992).Tyr1860 as the amino acid that links the TVMV VPg to
12. Vance, V. B., Moore, D., and Turpen, T. H., Virology 191, 19–30the viral RNA.
(1992).
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